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ABSTRACT 
Nylon 6,6 nanofibers were interleaved in the mid-plan of glass fiber/epoxy matrix composite 
laminates for Mode I and II fracture mechanic tests. The present study investigates the effect of 
the nanofibers on the ůĂŵŝŶĂƚĞƐ ?mechanical response. Results showed that Nylon 6,6 nanofibers 
improved ƐƉĞĐŝŵĞŶ ?Ɛ fracture mechanic behaviour: the initial energy release rates GIC and GIIC 
increased 62% and 109% respectively when nanofibrous interlayer was used. Scanning Electron 
Microscope (SEM) micrographs showed that nanofiber bridging mechanism enhances 
performances of the nanomodified specimens, still able to link the layers when the matrix is 
broken. 
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Introduction 
Laminates ?ƐƵƉĞƌŝŽƌƉƌŽƉĞƌƚŝĞƐ ?ĐŽŵƉĂƌĞĚƚŽtraditional materials such as steel and aluminium, led 
them to be among the widest used composite structures in engineering today, especially for high 
performance application. Despite their excellent characteristics, due to their ply-to-ply structure, 
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the weakness of the interfaces ŝƐƐƚŝůůĂŶŝƐƐƵĞĨŽƌĐŽŵƉŽƐŝƚĞ ?ƐĚĞƐŝŐŶĞƌƐĂŶĚƵƐĞƌƐ. Delamination is 
a discontinuity between adjacent plies and can be viewed as an interface crack between two 
anisotropic materials: it is an intrinsic and severe problem of laminates that can ultimately 
undergo structural failure. Delamination can be due to many factors such as interlaminar stresses, 
stress concentration at free edges, joints, matrix cracks, out-of-plane loading, physical 
discontinuities or mismatch in physic-mechanical properties (e.g. coefficient of linear thermal 
expansion) between adjacent layers [1]. The interest of the research community on delamination 
is highly connected to industry since many companies are facing this problem, which is particularly 
critical for aerospace and aeronautical applications. So far researchers have developed many 
techniques to solve the delamination problem such as fiber surface treatments [2], interlayers [3], 
stitching polymeric filaments [4], optimum stacking sequence [5], through-the-thickness 
reinforcement [6], Z-pins [7], fiber braiding [8] and nanofibers [9]. 
The present study is focused on interleaving epoxy resin based composite laminates with 
nanofibers, following the idea and the patent of Dzenis [10], who added Polybenzimidazole (PBI) 
nanofibers to ply-to-ply interfaces and registered a significant improvement in fracture toughness 
of the whole laminate. While reinforcing fracture toughness of composites, it is shown that 
nanofibrous reinforces with a proper thickness, does not cause any reduction of in-plane 
mechanical properties of the laminates [11, 12], while other methods such as Z-pin and fiber 
braiding can decrease these properties significantly [13-16].  
Since the patent of Dzenis, several papers can be found on composite laminates interleaved with 
electrospun nanofibers [17-26]: many polymers have been used and tested so far [17-21], and 
Nylon 6,6 was proved to be the most suitable for the purpose of reinforcing epoxy-based 
composites, due to its good mechanical properties, processability, and high melting temperature 
which allows the nanofibers to maintain their morphology during the most common ĐŽŵƉŽƐŝƚĞ ?Ɛ
curing processes [27,28]. 
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In the present study thin Nylon 6,6 nanofibrous sheets have been interleaved into glass 
fibers/epoxy resin composite laminates with the purpose of investigating the effect of the 
interleave, and eventually the mechanism the nanofibers play into the interface when the sample 
is loaded under Mode I and Mode II fracture mechanics. 
Shivakumar et al. [22] conducted Mode I fracture, low-velocity impact, and Dynamic Mechanical 
Analysis (DMA) tests on virgin and Nylon 6,6-modified carbon/epoxy laminates, showing increased 
mechanical performances of the material with respect to the pristine specimens. Palazzetti et al. 
[11, 23, 24] performed an extended experimental campaign on woven carbon/epoxy composites 
showing the influence of Nylon 6,6 interleave on the fracture behaviour of laminates. 
So far, different toughening mechanisms caused by nanofibers have been observed [17,20,24]. 
Zhang et al. [17] investigated the toughening mechanism of a nanointerleave into a carbon/epoxy 
laminate in Mode I. They showed that fracture toughness was improved only once the 
polymerisation-induced phase separation between the thermoplastic nanofibre and epoxy matrix 
occurred in the interlayer. Li et al. [20] interleaved polysulfone (PSF) into carbon/epoxy 
composites and showed that PSF nanofibers converted to spherical particles during the curing 
process are able to significantly improve the interlaminar properties of the composites.  
Despite many studies on carbon fiber laminates, few have been completed on glass fiber 
laminates, and their interaction with polymeric nanofibers. Liu et al. [12] applied 150-500 nm 
Nylon 6 nanofibers to glass/epoxy laminates and showed that the interleave did not affect the 
ŵĞĐŚĂŶŝĐĂů ƉĞƌĨŽƌŵĂŶĐĞ ŽĨ ƚŚĞ ĐŽŵƉŽƐŝƚĞ ůĂŵŝŶĂƚĞƐ ƐŝŐŶŝĮĐĂŶƚůǇ ? Sadeghian [25] introduced 
Carbon NanoFibers (CNF) into glass/polyester composites, showing significant improvement in the 
GIC as 1 wt% CNF were added to toughen the resin. Microscopy pictures showed that the fracture 
surfaces of the 1 wt% CNF toughened laminates were more complex than the fracture surfaces of 
regular polyester/glass fiber composites.  
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Although the effect of Nylon 6,6 on mechanical behaviour of GFRP laminates was already 
considered by the authors in [18], a new curing process has been adopted in the present study, in 
order to improve the benefits of applying nanofibers between composite layers. Scanning Electron 
DŝĐƌŽƐĐŽƉĞ ?^D )ŵŝĐƌŽŐƌĂƉŚƐĂƌĞĂůƐŽƵƐĞĚƚŽĐŽŶƐŝĚĞƌƚŚĞŶĂŶŽĨŝďĞƌƐ ?ƌĞŝŶĨŽƌĐĞŵĞĐŚĂŶŝƐŵ ? 
 
Materials and methods 
Nylon 6,6 nanofibers 
Figure 1 (left) illustrates an overview of the electrospinning machine designed and manufactured 
by Spinbow (San Giorgio di Piano, 40016 Italy), for producing nanofibers used for the experiments. 
Nanofibers were electrospun horizontally. 
Polymeric solution was made by dissolving Nylon 6,6 Zytel E53 NC010, purchased from DuPont in 
the form of pellets, in formic acid and chloroform, purchased from Sigma Aldrich and used as 
received. Nylon 6,6 concentration was 14% in formic acid/chloroform (50:50 v/v) solution. The 
electrospinning parameters were as follows: 1- applied voltage: 23kV, 2- needles inner diameter: 
0.8 mm, 3- needles-collector distance: 10cm, 4- feed rate: 0.005 ml/min per nozzle, 5- 
environment: humidity at 40% and room temperature. The electrospinning duration was about 60 
minutes and final mat thickness was 25 ± 8 Pm. An SEM image of the electrospun nanofibers is 
shown in Figure 1 (right) ? dŚĞ ĚŝĂŵĞƚĞƌƐ ŽĨ ŶĂŶŽĮďĞƌƐ ǁĞƌĞ  ? ? ? ± 15 nm. The fiber diameter 
distribution was determined by measuring 200 fibers per sample, with image acquisition software 
(EDAX Genesis). 
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Figure 1. Electrospinning machine (left) and Nylon 6,6 nanofibers (right). 
 
Thermal properties of the electrospun Nylon 6,6 mat were investigated by means of differential 
scanning calorimetry using a TA Instruments Q100 DSC equipped with the LNCS low-temperature 
accessory. The Nylon 6,6 nanofibrous mat was found to be particularly suitable for the purpose of 
the present work due to its chemical and physical characteristics; it shows excellent adhesion to 
epoxy matrix, as shown in Figure 1 of [23] and Figure 4f in [28], and it is characterized by a high-
melting crystal phase (Tm = 263°C at 10°C/min; DAM; ISO 11357-1/-3, 'Hm 65 J/g, by DSC). 
Therefore it was observed that the prepreg curing treatment at a temperature (130°C) well below 
the Nylon 6,6 melting temperature did not cause any modification in electrospun mat shape or in 
Nylon 6,6 fiber morphology. 
After the electrospinning, the nanofibrous mat was kept under vacuum over P2O5 at room 
temperature overnight to remove residual solvents and avoid moisture absorption. The presence 
of water possibly released by the fibers into the epoxy matrix, may interfere with the curing 
process, detrimentally affect both the thermal and mechanical properties of the composites and 
accelerate ageing-related degradation phenomena. 
Mass per unit area of the nanofibrous mat has been estimated in 25 g/m
2
 by averaging the weight 
of 10 large nanofibrous sheets. 
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Laminate Fabrication 
Unidirectional glass/epoxy prepreg 1017 from Angeloni (Italy) was used as composite material. 
Areal density of the fibers is 430±2 g/m
2
 and matrix content of the laminate is 35% in volume. 
Double Cantilever Beam (DCB) and End Notched Flexure (ENF) specimens were prepared for tests 
under Mode I and Mode II loading respectively, by stacking 10 layers of material, 20 mm wide. 
Mode I and Mode II specimens were 125 mm and 150 mm long respectively. Samples were cut 
from a large lamina by using a diamond rotating saw. For each configuration 3 specimens were 
manufactured and tested. Delamination was initiated by laying down a 15 Pm thick Teflon sheet in 
the mid-interface, as shown in Figure 2; crack length was 60 mm and 70 mm long for Mode I and 
Mode II specimens respectively. DCB specimens were prepared by gluing aluminium tabs on the 
delaminated end of the specimens (see Figure 2 left). 
 
Figure 2. ^ƉĞĐŝŵĞŶƐĨŽƌ PůĞĨƚ )ĚŽƵďůĞĐĂŶƚŝůĞǀĞƌďĞĂŵƚĞƐƚƐ ?ƌŝŐŚƚ )ĞŶĚŶŽƚĐŚŇĞǆƵƌĞƚĞƐƚƐ. 
 
Nanomodified configurations were obtained by laying down a nanofibrous sheet in the mid-
interface of the specimens during the lay-up. DCB and ENF samples have an interlayer surface of 
2466 and 2925 mm
2
 respectively, thus the weight of the nano-interlayer is estimated to be 0.061 
and 0.073 g per specimen (DCB and ENF respectively), which can be considered negligible. No 
thickness differences have been observed for both nanomodified DCB and ENF specimens 
compared to virgin ones; in [24] it has already shown that a thin nanointerleave like those here 
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ƵƐĞĚ ĚŽĞƐ ŶŽƚ ŝŶĐƌĞĂƐĞ ƐƉĞĐŝŵĞŶ ?Ɛ ƚŚŝĐŬŶĞƐƐ ? ĚƵĞ ƚŽ ƚŚĞ very high porosity of the mat and the 
pressure applied during the curing process. 
Specimens were kept overnight in the autoclave under 6 bars of pressure and at room 
temperature, before starting the curing process ƚŚĞĚĂǇĂĨƚĞƌ ?ĨŽůůŽǁŝŶŐƐƵƉƉůŝĞƌ ?ƐŝŶƐƚƌƵĐƚŝŽŶƐ ? ? ? ?
In previous works of some of the authors [11, 26], the specimens were cured right after the 
manufacturing process; it is because of leaving the interleaved specimens overnight at high 
pressure which leads to improve the embedding of the fibers, reduces void content in the 
interface, and eventually increases the Mode I and Mode II fracture toughness significantly.  
 
Fracture tests 
Mode I and Mode II fracture tests were conducted using a computer-controlled servo-hydraulic 
universal testing machine Instron 8033 with 1 and 5kN load cells for DCB and ENF tests 
respectively. The cross-head speed was controlled at 1.5 mm/min and data was recorded 10 times 
per second. The initial Mode I critical strain energy release rate (GIC) was obtained from the beam 
theory presented in the ASTM D5528 [29]: 
୍େ ൌ ଷ୔ஔଶ୆ୟ       (1) 
where P is the maximum load, Gis the displacement; B and a are the specimen width and the 
crack length respectively. 
Critical strain energy release rate for Mode II fracture (GIIC) was calculated by the following 
expression [30]: 
୍୍େ ൌ ଽୟమ୔ஔଶ୆ሺଶ୐యାଷ௔యሻ       (2) 
where L is the support-span length: 48 mm. 
Stresses and strains were also calculated throughout the tests according to the international 
standard ASTM 7264 [31]. 
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Results and discussion 
In this section the fracture response of nanofiber-modified and reference laminates are presented. 
Since 3 specimens have been tested for each configuration, the results are given by the mean 
value of each configuration. 
 
DCB tests 
Figure 3-left illustrates examples of force-crack opening displacement (COD) curves of DCB tests 
for modified and reference samples. It is shown that the modified laminates can carry higher loads 
with respect to the pristine ones during almost all the tests. In particular the maximum force is 
almost 40% higher (Table 1) and the GIC of nanomodified samples increased about 62% with 
respect the virgin specimens.  
 
Figure 3. DCB fracture tests curves: left) Force vs. COD; right) Mechanical energy vs. COD. 
 
Figure 3-right shows the mechanical energy dissipated during the tests until a COD of 40 mm, by 
integration of the load-displacement curves.  
Due to some problems while testing the reference laminates, one specimen became unusable, and 
for this reason Figure 3-left shows only two reference laminate curves. The authors chose not to 
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re-manufacture the specimen because all the other specimens came from the same batch, and we 
wanted to make the test as fair a comparison as possible. 
 
Table 1. Mode I fracture test results. P and V are mean value and standard deviation respectively. 
 
Maximum load 
(N) 
Mechanical energy 
@ 65 mm (J) 
GIC 
(kJ/m
2
) 
 P V P V P V
Virgin 25.1 3.0 1.21 0.15 0.55 0.01 
Nano-modified 35.0 1.7 1.52 0.01 0.89 0.11 
Gain (%) +39% +25% +62% 
 
Table 1 presents fracture parameters for both the configurations. Up to a COD of 10 mm, trends of 
the reference and nanomodified laminates are almost the same; after this point, nanomodified 
specimens absorb a greater amount of energy and as the tests go on the difference among the 
curves increases. 
The curves clearly show that the nanomodified interfaces exhibit better properties than the virgin 
ones, and in particular, increments of 39%, 25%, and 62% are registered for maximum load, 
maximum energy (after 65 mm of displacement), and GIC, respectively. 
 
ENF tests 
Figure 4-left shows the stress-strain relation of Mode II fracture tests for pristine and 
nanomodified laminates. 
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Figure 4. ENF fracture tests curves: left) Stress vs. Strain; right) Mechanical energy vs. Strain. 
 
It is shown that modified laminates carry a significantly higher amount of load with respect to the 
reference specimen throughout the entire test. Table 2 presents the ENF results and shows that 
maximum stress is increased 41% by applying Nylon 6,6 nanofibers in the delaminated interface. 
 
Table 2. Mode II fracture test results. P and V are mean value and standard deviation respectively. 
 
Maximum stress 
(MPa) 
Mechanical energy 
@ 0.043 mm/mm (J) 
GIIC 
(kJ/m
2
) 
 P V P V P V
Reference 304 23 3.02 0.40 0.139 0.020 
Nano-modified 429 36 4.13 0.51 0.291 0.050 
Gain (%) +41% +37% +109% 
 
At the same time the critical strain energy release rate GIIC is more than doubled. Experiments 
show that the presence of nanofibers increases the load that the specimen can carry and at the 
same time reduces the crack propagation after failure. The trend of mechanical energy absorbed 
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during the tests is shown in Figure 4-right. Energy has been calculated up to a common strain 
deformation of 0.043 mm/mm. 
Maximum stress, mechanical energy, and GIIC of Nylon 6,6-nanomodified specimens resulted in 
increases of 41%, 37% and 109% respectively compared to virgin specimens, at the end of the test. 
Comparing the results of Mode I and Mode II fracture tests, presented in Tables 1 and 2, it is 
shown that the effect of Nylon 6,6 nanointerleave is more significant in Mode II loading than in 
Mode I, especially for initial energy release rates; GIIC is increased about the double of GIC. 
 
 
Fracture surface morphology 
In a previous work of some of the authors [24] it is shown that a nanofibrous mat interleaved 
between two layers of a laminate has the capability to bridge the two plies even when the matrix 
is broken, carrying on additional loads. This is one of the most important reinforcing effects that a 
nanointerleave brings to the laminate. In Figure 5 SEM micrographs of fractured interfaces of 
virgin (Figures 5-A and 5-C) and nanomodified (Figures 5-B and 5-D) specimens are shown. Figures 
5-A and 5-B are taken from DCB specimens, while Figures 5-C and 5-D show fracture surfaces of 
ENF samples. 
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Figure 5. SEM micrographs of fractured surfaces from DCB (A-B) and ENF (C-D) tests, Virgin (A-C) 
and Nanomodified (B-D) interfaces. 
 
As shown by Greenhalgh [32] in both the virgin and nanomodified cases, the fracture surfaces of 
Mode II specimens present a higher roughness due to the formation of cusps while the surfaces 
slide one over the other. Furthermore nanofibers interleaved into interfaces cause a significant 
increase of quantity of cusps, leading to a higher energy to break the surface. From images taken 
of Mode I specimens, it can be noted that the fracture surface of nanomodified samples (see 
Figures 5-B and 5-D) is more complex than the non-modified ones (see Figures 5-A and 5-C). Glass 
fibers from virgin interfaces were found to be smooth and continuous, while the nanomodified 
interfaces appear much rougher. It is possible to observe that the nanofibers coming out from the 
delaminated interfaces (see Figure 5-B) still link the two layers they are inserted between, even 
when the matrix around them is broken (see Figure 5-D). While the crack propagates during the 
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test, nanofibers help the plies to remain bonded together and hinder the crack propagation. Due 
to the higher ductility of the Nylon 6,6 compared with the resin, when the epoxy fails due to 
excessive strain, nanofibers act as a fiber bridging mechanism to link the two plies, giving an 
additional amount of resistance to the interface. 
Experiments presented in the present study and in previous work of some of the authors [23] 
highlight that the nanoreinforcing effect is more significant for Mode II loading rather than Mode I. 
Numerical simulations presented in [33, 34] show that at any instant of time, the amount of 
nanofibers involved in the loading process is much higher during a Mode II test than during a 
Mode I, significantly increasing the reinforcement effect. It is due to the load direction: during 
Mode I tests, the two interfaces are opened and the stress is concentrated on the crack tip, 
involving a small portion of material and thus of nanofibers. As the crack propagates, the distance 
between the interfaces grows bigger than the nanofibers length and the nanoreinforce breaks too. 
Under Mode II, the two parts of the specimens slide only for few millimetres, allowing the 
nanofibers to carry the load for a longer time after the crack is propagated and the amount of 
reinforce working at each instant is much higher than during the DCB. 
The presence of nanofibers encourages the phenomenon of migration introduced in [32] which 
inhibits fracture propagation. Nanofibers force the crack tip to follow a longer path, even if in the 
same interface with respect that followed in virgin specimens, requiring a higher energy to 
propagate. 
 
Conclusions 
The effect of Nylon 6,6 nanofibrous interleave on Mode I and Mode II fracture mechanics 
behaviour of glass fiber/epoxy resin composite laminate is here investigated. Nylon nanofiber 
mats were prepared by electrospinning and then interleaved in the mid-plane of laminate 
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specimens for DCB and ENF tests to investigate Mode I and Mode II fracture mechanics of virgin 
and nanomodified specimens. 
SEM pictures of the fractured interfaces have been used to explain the crack propagation 
mechanism and the role of the nanofibers into the interface. The main findings are summarized as 
follows: 
1. Nylon 6,6 nanofibers improve the fracture behaviour of laminates under both Mode I and 
Mode II fracture mechanics loads; 
2. experiments show that nanomodified interfaces exhibit better mechanical characteristics 
than virgin interfaces in terms of maximum load, energy absorption and critical strain 
energy release rate. It is also shown that the effectiveness of the nanoreinforce depends 
on the load direction: interfaces loaded under Mode II register a significant higher 
improvement than those loaded under Mode I. In particular maximum stress, mechanical 
energy, and GIIC of nanomodified specimens are increased of 39%, 25%, and 62% 
respectively for Mode I loads, and 41%, 37% and 109% respectively for Mode II, compared 
to pristine specimens; 
3. curing process has a very important role in ĨƌĂĐƚƵƌĞ ŵĞĐŚĂŶŝĐ ?Ɛimprovement of  
nanointerleaved specimens. By keeping the specimens into the autoclave, under pressure, 
during the night, the mixture of epoxy and Nylon 6,6 nanofibers significantly improved 
compared to traditional interleaving-and-curing processes. 
4. SEM micrographs show that due to the higher ductility of the Nylon 6,6 compared to the 
resin, when the matrix fails, nanofibers are still able to bridge the plies, even after the 
breakage of the epoxy. Fractured surface morphology showed that nanomodified 
laminates have a significantly rougher surface compared to virgin ones. Nanofibers are able 
to inhibits the delamination propagation, forcing the crack to follow a longer path, and 
thus an higher amount of energy is required to let the crack propagates; 
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